SUMMARY: An osmotic barrier, impermeable to inorganic phosphate ions, is present near the external surface of Micrococcuspyogenes var. uureus (strain Duncan). The barrier encloses a volume of 1.66 f 0.07 ml./g. dry-wt. cells, within which the inorganic phosphate of the cell is confined a t a concentration of c. 0.1 M. The inorganic phosphate of the internal and external media exhibit a rapid reciprocal exchange, sensitive to traces of heavy metals. The existence of the osmotic barrier and the characteristics of the phosphate exchange are not in accord with an exchangeadsorption hypothesis; they are in accord with an exchange-diffusion hypothesis, according to which phosphate is shuttled across the osmotic barrier by carrier molecules. There is no experimental justification for supposing the acid-soluble inorganic phosphate of M. pyogenes to exist as an acid-labile compound.
Wolfe (1952), Bact. coZi is permeable, not only to inorganic phosphate ions, but even to sugar phosphates. It is therefore necessary to postulate that the acid-soluble inorganic phosphate of Bud. coli normally exists as an acid-labile compound which cannot diffuse from the cells.
In resting suspensions of M~crococczls pyogenes Mitchell & Moyle (1953) found, as in Bact. coli (Roberts & Roberts, 1950) , that a reciprocal exchange occurs between the acid-soluble inorganic phosphate of the cells and the inorganic phosphate of the suspension medium. This exchange might be attributed either to exchange-adsorption, as proposed by Roberts & Roberts (1950) or to a type of mechanism first suggested by Lundeghrdh (1945) and later described more exactly and named exchange-diffusion by Ussing (1947). The work described in the present paper was designed to eliminate one or other of the exchange hypotheses in the case of Micrococcus loyogenes var. u u r m (strain Duncan). We shall formulate the hypotheses as follows, Exchange-adsorption hypothesis. The acid-soluble inorganic phosphate is normally held in the cells as a labile compound, freely accessible to the inorganic 274 P. Mitchell phosphate of the medium. The degree of dissociation of the compound into free phosphate and combining group is very small so that the total amount of bound (acid-soluble) phosphate is practically independent of the concentration of inorganic phosphate in the medium. The reaction between the free phosphate and combining group is reversible, so that a reciprocal exchange of 'inorganic phosphate' between the cells and medium may occur.
Exchange -di ffusion hypothesis . The acid-soluble inorganic phosphate exists in the cells as inorganic phosphate, separated from the inorganic phosphate of the medium by an osmotic barrier which is impermeable to phosphate ions but contains carrier groups. The carrier groups cannot leave the barrier, but, owing to thermal agitation, alternately come into contact with the solution on either side, where exchanges may occur between the carrier-phosphate groups and free phosphate ions. For every phosphate group which passes one way across the barrier on a carrier group, the same or another phosphate group must pass the other way when the carrier group returns.
Two kinds of experimental approach towards a decision between the exchange hypotheses suggest themselves.
Pernubility measurement. The part of the volume of a cell suspension not accessible to externally added phosphate should be equal to the effective volume of the cells bounded by the hypothetical osmotic barrier. If such a barrier were to exist near the external surface of M. pyogenes, the effective cell volume should be approximately equal to the volume of a close-packed centrifuged pad less 26 %, the interspace volume for close-packed spheres (Conway & Downey, 1950) . On the other hand, if there were no osmotic barrier, or if the barrier were broken, the effective cell volume should be approximately equal to the apparent specific volume of the major components of the cell, of the order of 0.8 ml./g. dry-wt. cells. Inhibition of exchange. If the exchange-adsorption hypothesis were correct, the acid-soluble inorganic phosphate of the cell would be held by a fixed number of combining groups corresponding in number to the acid-soluble inorganic phosphate molecules. The inhibition of the exchange of the phosphate on a combining group would not be expected to occur unless the inhibitor molecule were close to the combining group. Hence, unless action a t a distance were postulated, the number of molecules of a low molecular weight inhibitor required to retard the exchange reaction would have to be of the same order as the number of molecules of acid-soluble inorganic phosphate. If, on the other hand, the exchange-diffusion hypothesis were correct, the exchange reaction would be mediated by a relatively small number of carrier groups in the osmotic barrier. In this case, an inhibitor might retard the exchange reaction when the number of molecules present was similar to the number of carrier groups and therefore small in comparison to the number of molecules of acid-soluble inorganic phosphate. It was clear at the outset of this work that permeability measurement, by showing the presence or absence of an osmotic barrier for phosphate, would show whether the final system for regulation of exchange was of the exchangeadsorption or of the exchange-diffusion type. The inhibitor studies, however, Transport of phosphate in M. pyogenes 275 involved a considerable risk; for, although they might disprove the exchangeadsorption hypothesis (depending upon the chance of finding a sufficiently potent inhibitor for the exchange-diffusion system), they would not give positive evidence in favour of exchange-adsorption. Permeability measurements were therefore made first, and when these indicated the occurrence of exchange-diffusion it was considered worth while to begin the inhibitor studies.
METHODS
Growth and preparation of organism. Cultures of M . pyogenes were grown as previously described (Mitchell & Moyle, 1953) . The cells were harvested at a concentration equivalent to 2.5 mg. dry-wt./ml., washed three times in distilled water and suspended at a concentration equivalent to c. 200mg. dry-wt./ml. for the permeability measurements and c. lOOmg./ml. for the exchange measurements. The pH of the suspensions, measured with a glass electrode, was c. 5-5 after washing: it was adjusted to the appropriate value with dilute HCl or'NaOH immediately before each experiment, the degree of dilution being recorded to correct the dry-weight concentration. The suspensions, stored at 2', maintained their phosphate-exchanging activity for up to 48 hr. After this, the cells deteriorated rapidly and much of their acidsoluble inorganic phosphate escaped. In the present work, suspensions not more than 12 hr. old were used.
Estimation of P and 32P. The methods used were as previously described (Mitchell & Moyle, 1953) .
Estimation of dry-weight. The approximate concentrations of the washed cell suspensions in distilled water were adjusted turbidimetrically. The exact dry-weight concentrations were subsequently measured by drying samples containing c. 200 mg. to constant weight at 105' and weighing to 0.5 mg. The suspension densities subsequently described in mg./ml. refer to mg. dry-wt. cells/ml.
Permeability mdpuremnts Normal cells. It was advisable to determine the external phosphate space in the presence of a relatively large concentration of salt to minimize the adsorption of phosphate on the cell surfaces and to control the osmotic and ionic condition of the medium. Sodium chloride and phosphate were therefore added in amounts which would give final concentrations in the external water space of about 100 xrm and 5 m~, respectively. Preliminary experiments showed that in the concentrated cell suspension containing c. 200 mg./ml., the water space accessible to externally added phosphate was c. 0.5 ml./ml. suspension. Two ml. samples of the concentrated suspension, adjusted to pH 7 were pipetted into test-tubes 7 cm. in length, of total capacity 2.5 ml. To this suspension, 0.1 d. M-NaCl alone (control) The total supernatant volumes were estimated in graduated pipettes, and the volumes of the centrifuged cell pads were obtained by difference. Pipettes with extremely fine tips were used so that the supernatant liquid could be quantitatively drawn into them with a thick-walled rubber teat. The experiment described in Fig. 1 showed that the acid-soluble inorganic % (w/v) of butanol phosphate is also quantitatively liberated within 20 min. a t 15' and at pH 7 by concentrations of n-butanol exceeding 41 yo (w/v). The external phosphate space and effective cell volume in suspensions of cells damaged by trichloroacetic acid or butanol were determined as follows. Two ml. samples of the concentrated suspension of normal cells were pipetted into test-tubes 10 em. in length of total capacity 6 ml. The suspensions were centrifuged a t 8000 g for 1 hr. and 0.5 ml. of the supernatants was discarded, Butanol (0.1 ml.) or trichloroacetic acid (0.15 ml. of a 50% (w/v) solution) was now added to pairs of tubes and stirred rapidly into the pads of cells with a fine glass rod.
After 20 rnin., one of each pair was appropriately diluted with 3 ml. of 5 yo (wlv) butanol or trichloroacetic acid, and the undiluted and diluted suspensions were centrifuged at 8000 g for 1 hr. samples, suitably diluted. The effective volumes of the cells in trichloroacetic acid (va ml.) and in butanol (vB ml.) were calculated from the equations:
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Previous experience indicated that the standard deviation of the phosphate and volumetric measurements was c. +_ 1 %. The values of V and z) are given by differences between experimentally measured values about twice and five times as large, respectively. It was anticipated, therefore, that it should be possible to measure V to within about f 2 % and v to within about &-5 %.
Exchange measurements
The rate of exchange of inorganic phosphate across the cell surface can be determined by labelling the phosphate of the medium or of the cells with 82P and subsequently observing the rate of mixing of 3 1 P and 8*P.
phosphate to be of the exchange-diffusion type, a simple relationship can be shown to exist between the effective rate of shuttling (P) of phosphate by the carrier compound in the osmotic barrier, the total amounts of inorganic phosphate in the internal (PI) and external (Pn) media and the rate of change of the relative specific activity of the phosphate on either side of the barrier. We shall suppose that the probability of carriage across the barrier of a molecule of phosphate containing 32P is the same as the proportion of the total number of inorganic phosphate molecules which contain 32P, namely "P/P, on the side of the barrier from which the phosphate is being carried. Hence, the net rate of transfer of Thi?oreticd. Assuming the system regulating the exchange of inorganic , into the cells may be written
In the present experiments, it will be shown that the amounts of total inorganic phosphate and phosphate containing 32P were constant so that
The relative specific activity R, is defined by Eliminating either 82Pn or 82PI and assuming PE and PI to be constants, equation 4 can be integrated from time tl to t2, giving ,
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The R values a t times t.1 and tz inside the natural logarithm (In) of equation (7) both refer either to the internal or to the external medium. It was convenient to express t in minutes and P in pmolelg. cell dry-weight (pmolelg.).
The units of P are therefore pmole/g./min.
It should b e understood that equation (7) describes the strictly reciprocal exchange of a component between two systems in which the amount of the component remains constant : it is independent of the nature of the exchange mechanism. Similar equations have been used extensively in the past, the most recent derivation being by Krebs, Eggleston & Terner (1951) who refer to the earlier literature.
Experimental. In most experiments, the external medium was marked with 32P and the decrease in R E and the increase in BI were determined during a time interval measured from the moment of adding the 32P. It was technically most convenient to determine the 3 2 P content of the cells (from which the RI value was obtained) in the presence of a considerable proportion of the phosphate of the medium. It was therefore necessary to work with external concentrations of phosphate low enough to make PI of comparable magnitude to PE in cell suspensions of reasonably low concentration. In such suspensions, measurements could be made equally well when the inorganic phosphate of the cells was initially marked with 3 2 P and the value of RIE was determined. The technique described below was found to give satisfactory results.
Basic technique. Into test tubes 10cm. long and total capacity Sml., standard solutions were measured to give final concentrations (in 5 ml.) of 0.1 M-NaCl and 2 --sodium phosphates containing 1 pC. of 32P/ml. Solutions of substances expected to inhibit or stimulate phosphate exchange were added to give the required final concentration, and dilute HC1 or NaOH were added to give the required final pH value, measured in duplicate samples with a glass electrode. The volume was made up to 4 ml. with distilled water. After temperature equilibration at 15' or 25', 1 ml. of washed cell suspension (c. 100 rng./ml.) was rapidly mixed with 4 ml. of the medium and the resulting suspension was kept a t constant temperature for a measured time. It was then centrifuged a t 3000 g for 10 min. and 3 ml. of the supernatant medium were withdrawn. Three ml. of distilled water were added to the remaining 2 ml., and the cells redispersed. Duplicate 0.1 ml. samples of the supernatant medium and redispersed suspension were taken to estimate the concentrations of 32P ( M and N counts/ml. respectively), and duplicate 0-2 ml. samples of the supernatant medium were taken to estimate P (r pmole/ml.). The total amounts of 32P and P were calculated as counts or pmole in 2 ml. (c. 50 ml.) of the suspension a t the concentration of c. 20 mg./ml., representing counts or pmolelg. cells. For each batch of cells the value of 2 was determined gravimetrically. The external phosphate space in the suspension was 0.95 ml./ml. To measure the inorganic P content of the cells, 1 ml. of the washed cell suspension was added to each of two tubes, one containing 4ml. distilled water (blank) and the other 4 ml. of 6025% (w/v) trichloroacetic acid. After 20 h . a t Z ' , the suspensions were centrifuged, and duplicate 0.2 ml. samples were taken to estimate the concentration of phosphate in the blank supernatant (b pmole/ml.) and in the trichloroacetic acid extract (a pmole/ml.). The external phosphate space was 0-98 ml./ml. in the trichloroacetic acidtreated suspension (see below). Hence, PI = Z . ( a -b)/0-98. In the present work, b never exceeded 5 % of a.
Having obtained PE, PI, "PE and 92PI, the values of Rn and R, could be found, using equations ( 5 ) and (6). For any single experiment, RE and R, are not, of course, independent variables, and substitution of either or & into equation (7) will give the same value for P. In practice, however, several suspensions were handled together so that mean values for 32PE +32Pp, and P E +PI could be obtained. These values were occasionally used to calculate Rn or & independently in a group of experiments where a P value was obviously false or was lost by an accident. But, in general, the mean values were employed only as a check on the reliability of individual measurements.
Separation of organic and inorganic components of PI. In order to find the proportions of the phosphate entering the organic and inorganic acid-soluble fractions during exchange, the basic technique was varied in the following way. At the end of the time allowed for exchange, the 5 ml. of suspension were centrifuged, and S m l . of the medium were withdrawn as before. The cells were redispersed in the remaining 2 ml. and 0.4 ml. of 30% (w/v) trichloroacetic acid was added. The suspension was centrifuged after 20 min. at 2O, and the total P, inorganic P and 32P contents of the supernatant were determined using 0.1 ml. samples. To 1 ml. of the supernatant, 0.05 ml. 20 N-ammonium hydroxide and 0-05ml. magnesia mixture were added, and the inorganic phosphate was allowed to precipitate at 2' overnight. The precipitate was centrifuged and 0.1 ml. samples of the supernatant were taken for estimation of the organic P and organic 32P contents. The mutual contamination of the organic and inorganic P separated by this method was not greater than 3%.
The values of PE, PI, "PE and 32PI were calculated by applying principles similar to those of the basic technique, the main difference being that PE and "PE were now divided into inorganic and organic fractions.
Reversal of movement 0f32P. The technique used for measuring the phosphate exchange by the passage of 32P from cells to medium was essentially the same as the basic technique. It differed in that the cells were first incubated for 30 min. at 25' in 0-1 M-NaCl at pH 7, at a dry-weight concentration of 20 mg./ml., with 1 pC. of *aP-marked phosphatelml. containing only c. lo6 M-CaITier phosphate. The cell suspension was centrifuged, washed once in distilled water, and resuspended in distilled water a t a concentration of c. lOOmg./ml. This suspension was used as in the basic technique, the 32P of the medium being omitted. 
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RESULTS
Permeability
Ejgective cell volumes. The volumes of M. pyogenes not penetrable by inorganic phosphate before and after injury by 5 % trichloroacetic acid or butanol are shown in Table 1 . Whereas, before injury, the mean volume was 2.42 rf: 0-05 ml./g., after injury it decreased to 0.76 & 0.07 ml./g. There must therefore be an internal space in intact cells which is not accessible to externally added phosphate. It was conceivable that this internal space might normally be inaccessible to free phosphate ions because of electrostatic repulsion by negative groups within a gel structure, and that trichloroacetic acid might make the space available by discharging the gel. This cannot, however, be the case because butanol at pH 7 was as effective as trichloroacetic acid in allowing penetration of inorganic phosphate. When the cells were damaged by trichloroacetic acid or butanol, practically none of the protein or nucleic acid escaped, but 18% of the dry weight was lost as soluble components of relatively small molecular weight, which could readily pass through cellophan dialysis tubing. The effective volume of the cell material which centrifuged down after damage was therefore 0.76 & 0.07 ml./0-82 g. =0-93 _+ 0.09 ml./g. This value is within the range expected for the apparent specific volume of the cell components.
The volumes of the close-packed pads of cells are shown in Table 2 . The volume of the cell pad decreased by 28.9 fr 1.4 yo after damage by trichloro- (Mitchell & Moyle, 1951) , and the water lying between them must therefore be equivalent to a layer only c. 20mp. thick. This water may simply be trapped between the cells, the viscous resistance preventing its escape during the one-hour period of centrifuging. However, other electrical or mechanical forces may also resist the closer approach of the osmotic barriers of the cells. There may, for instance, be a porous layer situated externally to the osmotic barrier. At all events, the behaviour of the suspensions of M. Nogenes in these experiments is in accord with the view that an osmotic barrier for inorganic phosphate exists near the external surface of the cells, and that this barrier envelops an internal space of (2-82 -0.76) f 0.07 = 1-66 & 0.07 ml./g., within which the acid-soluble inorganic phosphate is confined.
Phosphate exchange Applicution of equation (7).
In the system represented by equation (7), PB and PI are the total amounts of inorganic phosphate between which exchange occurs. These amounts, and also the total *2P content of the system me considered to be constant. In other words, equation (7) is only applicable to the exchange experiments as long as a negligibly small proportion of the *%P enters the organic fractions of the cells, and P, and PI remain constant. It was previously found (Mitchell & Moyle, 1953) , that under highly aerobic conditions, c. 90% of the 8*P which entered resting cells at 25' in 90 min. was present in the acid-soluble inorganic fraction. About 1% of the *2P entered the lipid and 10% entered the acid-soluble organic fraction. The present experiments were carried out under comparatively anaerobic conditions in narrow test tubes, with the aim of minimizing the residual metabolism and the entry of *2P into the organic fractions.
The percentages of the total s2P entering the inorganic and organic acidsoluble fractions, measured during phosphate exchange at 25' at pH 7 are shown in Table 8 , together with the values of P, and PI. The acid-soluble organic faction was contaminated by a maximum of 8 % of the inorganic fraction, and upper and lower figures for the 82P content of the organic fraction are accordi@y given in Table 3 . There was very little change in the values of Pn and PI, and even after 2 hr. 96 yo of the s2P was still present in the inorganic acid-soluble fraction. The experimental values were therefore considered properly to represent Pn , PI , and in the system described by equation 7. It was now necessary to verify the relationship between P, t and R described by equation (7). The time course of the changes in R during phosphate exchange at 25' at pH 7, with an external phosphate concentration of 2 m~, was observed with the 3 2 P moving from the medium to the cells and in the reverse direction. Fig. 2 shows the plots of log (1 -Ro)/( 1 -Rt) against t, the time being measured from the moment of mixing the washed suspension with the medium to the moment of starting the centrifuge. The points in this and in five other similar experiments (two of them at 1 5 ' ) fell on straight lines, the slope of which was independent of the direction of movement of the sap, within experimental error. The intercept of the lines on the time axis ( -8 min.) represents the effective time for which exchange continued during centrifuging. It was evident that the course of the phosphate exchange was described by equation (7), and that values of P could be estimated within a few per cent from a single determination of R after a known lapse of time t + 8 min. The values of P a t 25" at pH 7 varied between 3 and Tramport of phosphate in M. pyogenes The pH value, temperature and ionic composition for i) measzlrements. The dependence of P on pH, determined under the conditions described above, is shown in Fig. 8 In order to make it easier to handle several tubes of suspension at a time in the inhibition studies, and to reduce errors of timing, exchange measurements were made at 1 5 ' . The value of P varied between 0.6 and 1.2 pmole/g./ min. in different batches of cells, but in a given batch the measurements were reproducible to within & 5 % allowing a value of 60 min. for t.
In previous work (Mitchell & Moyle, 1953) K+ and Mg++ were present in the medium during phosphate exchange. It was found, however, that the addition of either 10 mM-KC1 or 3 rnM-MgCl,, or of both simultaneously, to the saline used in the present experiments did not affect P significantly.
Inhibition of phosphate exchange. All the inhibition measurements were carried out at pH 7 at 15' in the presence of 0.1, M-NaCl and 2 mM-phosphate. About 100 'inhibitors' were tested, the majority of which had no effect or were effective only at relatively high concentrations. The less effective inhibitors provided information about the nature of the exchange system 284 P . Mitchell which it will be appropriate to consider in a later paper. Only the more potent group, the heavy metal cations, were of value in deciding between the exchange-adsorption and exchange-diffusion hypotheses. Evidently, therefore, the number of units controlling the exchange of phosphate is small in comparison to the number of adsorption sites of the exchange-diffusion hypothesis; and unless action at a distance were postulated, the observed inhibition could not be explained on the basis of exchangeadsorption. On the other hand, the results can be explained on the basis of an exchange-diffusion system in which the number of carrier groups which transfer phosphate across the osmotic barrier is not greater than 874 of the total number of inorganic phosphate molecules present in the internal medium of the cells.
DISCUSSION
The evidence of the permeability and inhibitor studies is strong enough to warrant rejection of the exchange-adsorption hypothesis as it stands. Moreover, the behaviour of the system controlling the exchange of inorganic phosphate across the cell surface is entirely in accord with the exchangediffusion hypothesis. It is important to realize, however, that we have not investigated what proportion of the inorganic phosphate of the internal medium of the cells exists as free ions. It is implicit in the exchangekiiffusion hypothesis that the internal inorganic phosphate shall be free to react with the carrier groups in the osmotic barrier; but this does not necessarily imply that the internal inorganic phosphate must exist as free ions. Under the conditions of the present experiments, 1 g. dry-weight of cells contained c. 150 pmole inorganic phosphate in an internal space of 1.66 & 0-07 ml. Hence, the phosphate concentration in the internal medium was c. 0.1 M. If this were to exist as the completely dissociated alkali salts at pH 7, the osmotic pressure would be slightly above 5 atmospheres-a considerable pressure for only one of the many solutes which constitute 18% of the cell dry-weight.
As a whole, it will be seen that the internal solutes form about a 10% (w/v) solution. Discussion of the osmotic pressure exerted by the internal solutes in relation to the stress on the cell envelope should await osmotic measurements which are now in progress in this laboratory. It would be appropriate 286 P . Mitchell to remark here, however, that for a sphere the size of M. p y o g m s , 0.7 p. in diameter, an internal pressure of 5 atmospheres corresponds to a stress of 87dynes/cm., only slightly above the surface tension of water. The cell envelope, being made of a protein similar in composition to silk fibroin (Mitchell & Moyle, 1951') , may be able to withstand tensions much greater than this.
We might reasonably expect that a considerable proportion of the inorganic phosphate of the internal medium of the cell would occur in association with polyvalent cationic components; but there is at present no justification for assuming that the bulk of it is specifically bound.
It has been stated by Roberts & Roberts (1950) , that the exchange of inorganic phosphate across the surface of Bad. coli is controlled by exchangeadsorption. We might therefore conclude that the mode of uptake and the state of the 'inorganic phosphate' in B a t . coli differs fundamentally from that in M. pyogeneg. The main objection to the exchange-diffusion hypothesis is the statement of Roberts & Roberts (1950) and of Roberts & Wolfe (1952) that Bad. coli is freely permeable to inorganic phosphate. So far, however, this statement has not been supported by experimental evidence amenable to direct comparison with the observations described in this paper. Under the circumstances, it would be advisable to await a parallel examination of the phosphate exchange systems in Bad. coli and M. pyogenes by the same group of workers before concluding that they differ fundamentally.
The occurrence of the reciprocal exchange of phosphate across the osmotic barrier of M. pyogenes under resting conditions may offer a special opportunity for studying the mechanism whereby inorganic phosphate is passed inward through the osmotic barrier against a concentration gradient when a source of free energy is available. A closer examination of the exchange-diffusion system in resting M . pyogenes has therefore been undertaken.
